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Articlehistory: Low frequency magneticfield (LF MF) exposure is recurrently suggested to have the ability to induce health ef-
Recefved ?3J“ﬂe 2015 fects in society. Therefore, in vitro model systems are used to investigatebiological effects of exposure.LF MF in-
Received in revised form 10 December 2015 duced changes of the cellular calcium homeostasisare frequently hypothesised to be the possible target, but this
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hypothesisis both substantiatedand rejectedby numerousstudiesin literature.Despite the largeamount of data,
no systematicanalysis of in vitro studies has been conducted to address the strength of evidence for an associa-
tion between LF MF exposure and calcium homeostasis. Our systematic review, with inclusion of 42 studies,
showed evidence for an association of LF MF with internal calcium concentrations and calcium oscillation pat-
terns. The oscillation frequency increased, while the amplitude and the percentage of oscillatingcells remained
constant. The intracellularcalcium concentrationincreased (SMD 0.351, 95%CI 0.126, 0.576). Subgroup analysis
revealed heterogeneous effects associated with the exposure frequency, magnetic flux density and duration.
Moreover, we found supportfor the presence of MF-sensitivecell types. Nevertheless,some of the includedstud-
ies may introducea greatrisk of biasas aresult of uncontrolledor not reported exposureconditions, temperature
ranges and ambient fields. In addition, mathematical calculations of the parasitic induced electric fields (IEFs)
disclosed their association with increased intraceliularcalcium.Our results demonstrate that LF MF might influ-
ence the calcium homeostasisin cells in vitro, but the risk of bias and high heterogeneity (1> N 75%) weakens the
analyses. Therefore any potential clinical implicationsawait further investigation.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-frequency magnetic fields (LF MF) generated by power distri-
bution and usage have led to ever increasing public concernsregarding
their potential to induce harmful biological effects. Some of the conse-
guences commonly attributed, at least in part, to LF MF exposure
range from non-specific physical symptoms such as sleep disorders
and headaches(Schreieretal,, 2006) t overy sp dicidiseases like child-
hood leukaemia (Ahibom et al., 2000), breast cancer, and Alzheimer's
disease (Davanipour and Sobel, 2009). However, direct evidence
supporting an association between exposure and health status is thus
far insufficient and inconsistent (Pedersen et al,, 2014; Slusky et al.,
2014, Lieblet al, 2015).

The concern for possible harmful health effects as well as scientific
curiosity have led to the proposal of multiple potential mechanisms of
action of LF MF on biological systems, as well as to a large pool of
in vivo and in vitro experimental results (Prato, 2015; Barnes and
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Greenebaum, 2015). Thecommon denominatorof these studiesis mod-
ulation of calcium homeostasisby LF MF. Cells from primary culturesor
permanent cell lines (Simké and Mattsson, 2004; McCrearyetal., 2006;
Carsonet al, 1990; Conti et al,, 1985a) are studied to explain or predict
the mechanistic aspects of the observed interactions (Pillaet al., 2011;
Pall,2013; Gartzkeand Lange, 2002). Forexample, it has been suggested
that the cationic nature of the calcium ion might make it susceptibleto
the induced electric fields (IEF) generatedby LF MF in solution (Gartzke
and Lange, 2002; Lednev, 1981). The biological relevance of this pre-
sumed target for LF MF-cell interactioniies within the notion that calci-
um is an abundant and pivotal second messenger in the cell. Calcium
signalling is crucial for cell function and survival (Missiaen et al,
2000; Khan et al,, 1996) and functionsas an intrinsicstressor to indicate
celiular damage within minutes after the imposed insult (Steenbergen
et al., 1887, Jeschke et al,, 2009). Efficient calcium signalling requires
maintenance of calcium homeostasis, with basal cytosoliccalcium con-
centrationskept low and stable by storage of calcium ions in the endo-
plasmic reticulum (Berridge et al, 2003). However, upon activation,
calcium is released from thesestoresinto thecytoplasmand an intracel-
lular signalling cascades is initiated. This subsequently regulates a
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secondinflux of extracellularcalcium from theenvironment.Hence,cal-
cium signalling resuits from a complex interplay between activation
and inactivation of intracellular and extracellular calcium permeable
channels.These fluxes of intracellularcalcium can occur as transientin-
creases or as repetitive calcium oscillations, which both ultimately lead
to altered cell activity (Berridge et al., 2003; Smedlerand Uhlen, 2014).

Over time, multiple potential targetsof LF MF exposureand multiple
mechanismsof interaction were proposed (Pillaet al,, 2011; Pall, 2013;
Gartzkeand Lange, 2002), however conflicting results were obtained to
either corroborating or refuting these theories. Some of the differences
in experimentaloutcomes might be explainedby the use of specifice x
perimental parameters such as signal frequency (Niu et al., 2003), IEF
(Liburdy, 1992), or specific cell type(s) sensitivity to exposures
(Simko and Mattsson, 2004; Pall, 2013). However, apparently conflict-
ing in vitro results have obscured the support for any of these theories.
On the other hand, further variability might be explained by unaccount-
ed heterogeneity of the apparently controlied LF MF parameters of the
exposure systems.

By now, sufficient dataare present to systematicallyinvestigate the
effect of LF MF exposure on calcium homeostasis.We conducted a sys-
tematic review and meta-analysis (Lau et al., 1997) for which we first
selectedagroup ofin vitrostudiesbased on astrictset of qualitycriteria,
on both the biologicaland the physicalaspectsofthe reported data.Sub-
sequently, we examined if the effects depend on the use of a particular
celi type, type of calcium assay and specificities of magnetic or electric
field exposure; frequency, magnitude, duration of exposure. Finally,
we examined the reported biological effectsin terms of possible differ-
entialsin LF MF exposure,introduced by unaccounted technical aspects
of the exposuresystems.

2. Methods
2.1. Study identification

The following electronic databases were searched to find any origi-
nal articlesconcerning the effect of LF MFson calcium in invitrocell cul-
tures (searched up until January 1, 2015): PubMed, Web of Science,
Scopus, and EMBASE (via OvidSP). The search strategy was composed
of three elements: LF MF, calcium and an element intended to exclude
studies on high frequency fields, with a wide range of keywords and
combinationsadapted for every database/searchengine (for full search
strategysee Table 1). Furthermore,the referencelists of the selected pa-
pers and reviews were screened for potentially relevant papers that
were not found with one of the four electronic databases. During the
search, no language selection was applied. All inclusion criteria and
methods of analysis were specified a priori in a protocol.

2.2.Study selection

The first screening of potentially relevant studies was performed
based on title and abstract independently by two investigators (LA
Golbach and B.M.L. van Kemenade). After screening, full text versions
from the remaining papers were obtainedif possible. All fuli text papers
were evaluated based on the defined selectioncriteriaby thesame two
investigators.Possible disagreementbetween investigatorsor technical
uncertainties in the publications was resolved by a third investigator
(L.A. Portelli). He also calculated technical uncertaintiesin the publica-
tionsrequired to estimate the induced electrical fields.

For paper inclusion based on title and abstract, the followingcriteria
were used:

Exposure: Only studiesapplying magneticfields with frequencies be-
tween 1 and 300 Hz, no static magneticfields.

Set-up: The studiesshoulid examine the effect of LF MF exposure on
animal or human cellsin an in vitroset-up.Studiesthat report direct an-
imal exposure with subsequentanalysis of individual cells were not in-
cluded in the analysis, though isolation of cells from a primary source

Table1
Search strategy.
PubMed
Calcium  Calcium [MeSH] OR calcium [tiab] ORCA [tiab] ORCa?* [tiab]

Exposure (Magnetic or Electromagnetic Fields {mesh] OR (electromagnetic {tiab]
AND field {tiab]) OR (electromagnetic [tiab] AND fields [tiab]) OR
(electromagnetic [tiab] AND radiation {tiab]) OR (electromagnetic
[tiab] AND radiations {tiab]) OR (electromagnetic [tiab} AND
irradiation {tiab]) OR (electromagnetic {tiab] AND irradiations {tiab])
OREMF [tiab] OREMFs [tiab])

Exclusion (radioftiab] ORRF-EMF [tiab] OR RF-EMFs [tiab] OR static {tiab] OR
MHz [tiab] OR megahertz [tiab] OR THz [tiab] OR terahertz [tiab])

Web of Science

Calcium TS = (calcium ORCaORCa®*)

Exposure TS = ((electromagn* near/3 (field* OR *radiation*)) OR EMF OREMFs)

Exclusion TS = (radio OR RF-EMF OR RF-EMFs OR static OR MHz OR megahertz
OR THz OR terahertz)

Scopus

Calcium  TITLE-ABS-KEY(“calcium”) OR TITLE-ABS-KEY (“ca”) OR

TITLE-ABS-KEY(“Ca®*”)

Exposure TITLE-ABS-KEY(“Efectromagnetic Field”) OR
TITLE-ABS-KEY(“Electromagnetic”)

Exclusion TITLE-ABS-KEY(“radio”) OR TITLE-ABS-KEY (“RF-EMF”) OR
TITLE-ABS-KEY (“MHZz”) OR TITLE-ABS-KEY (“terahertz”) OR
TITLE-ABS-KEY(“static”)

EMBASE

Calcium  Exp Calcium/OR (calcium ORCa ORCa?* ).tiab.

Exposure (Exp electromagnetic field/OR Exp electromagnetic radiation/OR
((electromagnetic AND (field OR fields OR radiation OR radiations OR
irradiation OR irradiations)) OR EMF CREMFs).tiab.)

Exclusion (radio ORRF-EMF OR RF-EMFs OR static OR MHz OR megahertz ORTHz
OR terahertz).tiab.

before exposure was included (ex vivo set-up). In addition, studies
reporting experimentsconducted on prokaryotes,algae, or fungi were
excluded as well.

Reporting: The studies should report primary peer-reviewed data,
reviewsand meeting abstracts were not included.

For fuli-textinclusion, the followingcriteria were used:

Exposure: Only studiesapplying LF MFs with frequenciesbetween 1
and 300 Hz were selected, no static magneticfields. The exposure sys-
tems details needed to be reported in such a way that uncertainty re-
garding the exposure parameters could be reasonably quantised
therefore allowing for the reproduction of the conditions. A complete
description of the assumptions,estimationsand calculationsperformed
is found in supplementarynote 1 and supplementaryTable 3.

Calcium: The calcium assaysreported in the studiesshould measure
actual calcium release, uptake, fluctuationsor homeostasis without the
use of pharmacological inhibitors. Path-clamp experiments were ex-
cluded, since these measurements require short electrical pulses to
depolarise the membrane and evoke calcium influx. Studies reporting
deposition of solid calcium minerals were also excluded.

Set-up: The studiesshould examine the effect of LF MF exposureon
animal or humancellsinan in vitroset-up.Studiesthat reportdirectan-
imal exposure with subsequentanalysis of individual cells were not in-
cluded in the analysis, though isolation of cells from a primary source
before exposure was included (ex vivo set-up). In addition, studies
reporting experimentsconducted on prokaryotes,algae, or fungi were
excluded as well.

Reporting: A language restriction wasapplied,only articlesreporting
in English were included in the analysis. The studiesshoulid report pri-
mary peer-reviewed data, so reviews and meeting abstracts were not
included, however reviews were used to screen for missing articles. If
the full text was not available online, neither through the library nor
aftercontactingthe authors, the article was excluded from the analyses.
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2.3.Study characteristicsand data extraction

For each included study, the following data were extracted: official
cell type or cell line name, origin of cellular material, type of cells, depen-
dent or independent control/sham groups, exposure frequency, duration
and timing of exposure, magnetic flux density, type of calcium assay,
batch or single measurements and stimulation of acalcium influx. Biblio-
graphic details of the studies such as corresponding author, journal and
year of publication were also retrieved (Table 1 Supplementary data).

From all studies (s,), number of events or mean, standard error (SE)
or standard deviation (SD) and number of measurementsor individual
cells (n, individual experimentswere denoted by capital letters)ofcon-
trol/shamand exposure groups were recorded. When the data from in-
dividual experiments or animals rather than aggregated data were
presented (Conti et al., 1985a; Galvanovskis et al., 1996; Walleczek
and Liburdy, 1990), the mean and SD were calculated. If data were
only available in a graphical representation, values were measured
with a digital ruler (Universal Desktop Ruler). Authors were contacted
to obtain missing data on sample size, SD or SE. If a value was missing
and authors did not respond, an estimate of the sample size was made
by mathematical calculations with the SD or SE obtained from the
graph(s)and the possible sample sizes reported in the paper. This was
only performed for the data extracted from Lisi et al. (2006) and Pilger
et al. (2004). For further specific details regarding these calculations,
we contacted the corresponding author. Two experiments (Sakurai
etal, 2005; Liu et al,, 2014) and nine papers were excluded from the
meta-analysis, as we were unable to obtain the required data (Tonini
et al, 2001; Garciasancho et al.,, 1994; Lee et al,, 2002; Hwang et al.,
2011; Lindstrom et al,, 1995; Nishimura et al,, 1999; Grande et al,
1991, Oh et al, 2001; Contiet al,, 1985b).

2.4. Assessment of risk of bias and reporting quality of included studies

The methodologicalquality of the included studies was determined
using predefined criteria (Supplementary Table 2). For in vitro studies,
no standard quality assessment tool exists; we therefore developed
these criteria ourselves. Two reviewers (LA. Golbach, B.M.L van
Kemenade)independentlyscored the selected papers for these criteria.
Thecriteriashown in Table 2 were meant to assessthe risk of systematic
errors due to selection, performanceor detection bias. The risk of these
differentbiases was scored with “Low”, “Moderate”, or “High”. When a
paper lacked the necessary details to assess the risk, the risk was

Table2
Reportingquality and risk of biasscheme.

categorised as “Risk Unknown”. Furthermore, we assessed the lack of
reproducibility due to poor or incomplete reports (reporting quality).
“No”, “Partly” or “Yes”, indicated the presence (“Yes/Partly”’) o faben @
(“No”) of essentialinformation regarding the study design and experi-
mental controls.

2.5. Data synthesisand statistical analysis

First, the type of calcium assay used in each of the included reports
was determined.From experimentsthat measuredintraceliularcalcium
concentrations with radioactive calcium (*°Ca) or with a fluorescence
dye, the mean, SD/SE, and sample size (n) were extracted, to calculate
standardised mean differences (SMD). The same was done for studies
that described continuous data related to oscillations in calcium concen-
tration.Forstudiesin which only a numberofevents were described,an
odds ratio was calculated. When outcomes were measured in indepen-
dent experiments with different frequencies, magnetic flux density, or
cell types, then all outcome values were noted. If the outcome of one
sample was determined on multiple time points, being a dependent
measurementin time, the moment with the largest difference between
sham/control and LF MF treatment was selected for both the baseline
and the stimulation moment. However, if outcomes were determined
at different time points using separate independent samples, all time
points were included. When the intracellular calcium concentration of
resting cells, and subsequently the concentrationduring stimulation of
a calcium influx, was measured under sham and LF MF conditions,
both outcomes were noted (McCreary et al., 2006; Luo et al,, 2014).
From these double datasets, only data from the stimulated sample
were used for the overall analysis.

The SMD, odds ratios, and effect sizes were calculated with
specialisedsoftware, Comprehensive Meta Analysis (CMA version 2.0).
Individual effect sizes were pooled to obtain an overall effect size and
95%confidence interval with a random effect size model. Based on the
study characteristicsof every experiment,subgroups were determined.
Subgroupanalyseswere planned for the followingstudy characteristics:
the type of cells used, exposure frequency, magnetic flux density, dura-
tion of the LF MF exposure,and singlecell or batch analysis of the intra-
celluiar calcium concentration. For the calcium concentration oscillation
studies, individual analyses were planned for three types of outcome
measures. All subgroupsshould consist of data from at least three indi-
vidual papersor fiveindependentexperiments.The effectsizesand con-
fidence intervals of the overall analyses and subgroup analyses were

Yes Partly No Risk unknown
Reporting quality Is the cell origin and cell type used Reported Not clearly reported Not reported -
reported?
Is the duration of exposure Reported Not clearly reported Not reported -
reported?
Is the frequency of exposure Reported Not clearly reported Not reported -
reported?
Is the magnetic flux density of Reported Not clearly reported Not reported -
exposure reported?
Environmental background AC/DC reported AC or DC reported Not reported
magnetic field reported
Performance bias Is a sham or dummy coil used for Yes - No Not reported
control treatment?
Is the temperature controlled? Yes, with SE Yes, without SE No Not reported
Was the exposure blinded? Yes - No Not reported
Was the exposure randomised? Yes - No Not reported
Selection bias Is the cell vitality Yes - No Not reported
scored/measured?
Detection bias Were the methods the same for Yes, independent measurements Dependent measurements No -
control and exposure treatment?
Were the data measurements Yes - No Not reported
randomised?
Other bias Was there no industry sponsoring Yes - No -
involved
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displayed in a forest plot. Heterogeneity was calculated in CMA and
expressed as 1%, which is the proportion of variability in a meta-
analysis that is explained by between-trial heterogeneity rather than
by sampling error (Higgins and Thompson, 2002). We performed a
sensitivityanalysisto assessthe robustnessof our findingsby removing
studies in which we made calculated estimates of the mean, SD, or n
(Baker and.ackson,2008). If the direction of the effect depended heavi-
ly on the studies removed, then the resultsshould be interpreted with
great caution.

2.6. Electricand magnetic field exposure assessment

A thorough survey of the exposureconditionsreportedin literature
was performedto extractall relevantinformationregarding the electric
and magneticfield exposure parametersin the culture space. Only pub-
lications that provided enough explicit or implicit information about
their exposure conditions were included in this review. Crosschecks
were made between reported and calculated exposure values to estab-
lish the most accurate parametersof the magneticand electricfield ex-
posure for each report. A complete description of the assumptions,
estimations, and calculations performed is found in Supplementary
Note 1 and Table S3. Briefly, the signal type, magnitude,spatial distribu-
tion, and geometric characteristics of the culture space were extracted
for each exposure condition. Based on this data, maximum and mini-
mum electric and magnetic fields to which cultures were exposed
werecalculatedby meansof the mostextremecombinationofexposure
parameters to set the upper boundariesand uncertaintiesfor each ex-
posure condition. In the case of exposuresunder a microscope,calcula-
tions were also made based on the largest radius of the field of view of
the specific objective utilised, and correction factors were introduced
to account for possible artefacts introduced by the metallic objectives
on the imposedand induced fields. Additionally,the assessmentalsoin-
cluded the presence of unshieldedparasiticelectricfields and artificially
generated background magnetic fields, which were also combined
based on estimated or directly reported values.

3. Resulits
3.1. Study selection and characteristics

Thesearchstrategy performedin this paper was designed to retrieve
all papers related to LF MF exposure and calcium homeostasis. The
search terms were kept broad for every search engine, which led to
the selection of 1717 potential papers in the initial phase (Fig. 1).
From these, 1490 articles could already be excluded based on title and
abstract, since they did not describe the exposure of cells to magnetic
fields. Further investigation of the 227 remaining papers based on full
text led to inclusion of 42 studies (McCreary et al., 2006; Conti et al,
1985a; Liburdy, 1992; Galvanovskis et al, 1996; Walleczek and
Liburdy, 1990; Lisi et al., 20086, Pilger et al,, 2004, Sakurai et al,, 2005;
Livetal, 2014; Toniniet al., 2001; Garciasanchoet al., 1994; Lee et al,,
2002; Hwang et al, 2011; Lindstrom et al,, 1995; Nishimura et al,
1989; Grande et al., 1991; Oh et al., 2001; Conti et al., 1985b; Luo
et al., 2014; Mattsson et al,, 2001; Wey et al,, 2000; Lindstrom et al.,
1998; Craviso et al,, 2003; Fitzsimmons et al., 1994; Fixier et al.,, 2012;
Gaetaniet al., 2009; Bernaboetal,, 2007; Morabitoet al., 2010a; Liburdy
etal, 1993; Kim et al,, 2013; Placentini et al,, 2008; Loschinger et al,,
1999; Yamaguchi et al,, 2002; Craviso et al, 2002; Lyle et al,, 1997,
Coulton and Barker, 1993; Morabito et al, 2010b; McCreary et al,
2002; de Croot et al, 2014; Wei et al, 2014; Wu et al, 2014; Lyle
etal, 1981).

The study characteristics of all included papers are shown in
Table S1,Supplementary data, including the characteristicsof every in-
dividual experiment/comparison. These study characteristics varied
considerably among the papers included. All in vitro experiments in-
cluded in our study were performed with cells extracted from

Records identified through
database searching
{n = 2938}
PubMed (i = 500}
Web of Science {0 = 863)

Scopus {1 = 963) ’ -
EMBASE (1 = 612) g}e:a;r:g Oeixcluded un title/abstract

l Mo EMF {n= 969}

p | Records after dupficates removal
{n=1221)

Ner low frequency (n = 188}

| Noin vitro study (n = 174)

No animalfhuman cells {n = 29}
Mo original paper {n = 120}

Records screened
(= 1717}

Full text articles excluded

{n = 185)

No EMF (n= 14}

No tow frequency {n = 13)

Full text articles assessed No in vitro study (n = 8)
(n=227 e | o animalfhuman cells (n = 8)

No original paper (n = 8}

No English language (n= 21)

Mo calcium assay {n = 100}

No full text available (n = 15)

A 2

v

Study data incomplete

Full text articles size, 8D andfor SE)

{n=42y

¥

(n=19)

¥

Studies included
in meta-analysis
(n=133)

Fig.1.Flow diagramof thesystematicreview protocolitiustratingthe literaturesearchand
exclusion process.

mammals, either immortalised cell lines, which were established
through isolation of cancer cells or induction of mutations, or primary
ex vivo cell cultures. From the 148 experiments, 72 were performed
with cell lines and 76 with primary cells. Cells from mice, rats, and
humanswere the mostcommonly used; onestudy each was performed
with cells from cows (Craviso et al., 2003) and pigs (Bernabo et al,
2007). The LF MFexposurecharacteristicswere more diverse: the mag-
netic flux densitiesranged from 40 nT to 22 mT, and the durationofex-
posure ranged from a couple of minutes to many days. In almost two-
thirds of the studies (92 of 148), the cells were exposed to 50 or
60 Hz, and only in 15 experimentswas a specifically calculated calcium
resonancefrequencyapplied. With respect to the timing of exposure,in
a little over two-thirds of the experiments (105 of 148) were the mea-
surements of calcium concentrationcarried out during acute exposure.

To examinethe effect of LF MF exposure,all paperscompared LF MF-
exposedsamplestosham exposures; however, the definition of control/
sham differed. To minimisesample variation,a sample or cell was used
as its own control in 26 of the experiments. In 122 experiments, inde-
pendent measurements were performed during or after sham or LF
MF exposure.

3.2.Reportingquality and risk of bias

The reportingquality of all papersincludedshowed large differences
(Fig. 2). While thecell type, duration,frequency,and magneticflux den-
sity were mentioned in all of the papers, in only ca. 30% was the back-
ground field during the exposure described. Moreover, 40% did not
mention any values for these environmental fields. Furthermore, our
risk of bias assessment revealed large or unknown risks. All papers
clearly described the frequency and magnetic flux density that was ap-
plied to the cells, however only two-thirds (64.3%) described the use of
sham exposure or of an unenergisedcoil for the controlconditions.One
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Reporting quality

699

Cell arigin and cell type -

Duration of exposure-

Frequency of exposure

Magnetic flux density of exposure -

Environmentat background EMF 4

Risk of bias

Is & dummy used for sham-

Is the temperature controlled -
is the exposure blinded
15 the exposure randomized -

BB Moderate
. High
Risk unknown

Is the cell vitality score: o

Are the methods the same-

is the data measurements randomized 4

Was there no industry sponsoring involved

]

50
Percentage of papers (% of total)

100

Fig.2.Reportingqualityand risk of bias. Averagescore in percentageof all 42 papers.For the reportingquality, paperswerescored.“Yes”, “Partly”, o r*'No” indicatesthe presenceor absence
of essential study details. For the risk of bias,a “Low”, “Moderate’, o r*High” risk of bias might be introducedin the studies. When the outcome was not reported or mentioned,the “Risk

unknown” was chosen and scored accordingly.

of ten studies lacked description of an identical protocol to measure
control and LF MF samples. In 78% of the studies, the vitality of the
cells before or after exposure was scored. The largest unknown risks
are introduced by unreported blinding of exposure and randomisation
of exposure and measurements. Additionally, although temperature
control during exposure was described in more than 90% of all papers,
in which half also reported the error range, measurements were typical-
ly made outside of the culture space, which sets this variable as a possi-
bly important artefact. Regarding industry sponsoring, authors of 6 of
the 42 papersreportedconnectionswith or employmentat acompany,
which mightcontribute to the risk of biased outcomes.

3.3. Meta-analysis

3.3.1. Intraceliularcalcium oscillations

Twelve papersinvestigatingthe effect of LF MF exposure on calcium
oscillationscould be included in our meta-analyses.Four of the eleven
papers reported dichotomousoutcomes, of which one included depen-
dent measurements. This study was not included in our analysis. The
events in the three remaining papers were grouped and odds ratio
with a 95%Cl was calculated (SupplementaryFig. S1).

In the remaining eight papers, oscillation patterns were measured in
15 experiments, of which only three showed significantly different
oscillation patterns compared to control treatment. The overall effect
analysis did not indicate a significant effect of exposure (Fig. 3A; SMD
- 0.007[-0.392,0.378]; n = 15;s = 5).In two studies that together

A SMD and 95% Ci B

-4 -2 0 Z 4
Lyle, 1897, B 7 Fixler, 2012, A
Lyle, 1897, C Fixler, 2012, B
Lyle, 1897, D Fixler, 2012, C
Motabito, 2010a, A Wel, 2014, E
Morabito, 2010a, B Weid, 2014, F
Morabito, 2010a, € Wei, 2014, G
Morabito, 2010a, D Wel, 2014, H
Morabito, 20100, A Overall

Morabito, 2010b, B
Morabito, 20106, C
Morabito, 2010k, D
Placenting, 2007, C
Way, 2000, A

Wey, 2000, B

Wey, 2000, C
COverall . .
Percentage of cells

Ampiifude

SMD and 95% CI
4 0 4 s C

included seven experiments, the amplitudes of the waves during or
after exposure were measured. Three of the seven results indicated a
statistically significant decrease in amplitudecompared to controlcon-
ditions.The overall effect of these seven experimentsindicated no effect
on the amplitude of the calcium oscillations (SMD - 0.994 [ - 2.013,
0.024]; n = 7 ;s = 2). The last outcome measured, frequency of the os-
cillatingwaves, showeda mixed effect: four experimentsshowedan in-
crease and two experiments a neutral effect. However, the overall
analysis revealed a statistically significant effect of LF MF exposure on
the frequency of the calcium oscillations (SMD 1.669 [0.488, 2.849];
n==6;s=3).

3.3.2. Intraceliularcalcium concentration

Reliable measurementsof intracelluiar calcium concentrations can
be performed with the stable artificial radioisotope **Ca, exclusively to
meastre the entry of calcium from the external medium into the cells.
A second approach is the use of chemical fluorescent dyes to quantify
the intracellular calcium concentration. These dyes facilitate investiga-
tion of potential functions and regulatory mechanisms of calcium in a
cell,such aschannelsand pumps. In 24 of thestudiesincludedin our re-
view, the effect of LF MF on the intraceliularcalcium concentrationwas
investigated with one of the methods described above. We determined
the presence of an effect regardlessof direction, by expressionall differ-
encesbetweencontroland LF MFexposureasa positivevalue. Thisanal-
ysis indicates only the presence of an effect and cannot be used to
determine the overall direction or effect size. Subsequently, both

SMD and 85% C!
<4 4

-8
Galvanovskis, 1996, H
Piacentini, 2007, A
Wei, 2014, 1

Wel, 2014, J

Wai, 2014, K

Wei, 2014, L

Overall i
Frequency

Fig. 3. Influence of LF MF exposure on calcium oscillations.Forest plot for the three different outcomes regardingcalcium oscillations. A) The percentage of cells that showed altered
oscitlation patterns during sham/exposure, B) changes in the frequency, and C) the amplitudes of the calcium waves. The forest plot displays the SMD (squares) and 95%confidence
interval of the individualstudies. The diamond in each plot indicatesthe overallestimateand 95%confidence interval.
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positiveand negativeeffects were analysedaccordingto the original di-
rection of change. This second analysis was used to estimate the overall
direction and effect size. Our review's analysis of intracellular calcium
concentrations included 24 studies with 81 experiments. Overall, the
presence of an effect of LF MF exposureon intracellularcalcium concen-
tration was demonstrated (SMD 0.914 [0.723,1.104];n = 81; s = 24)
(Fig. 4A). Forty-nine of the eighty-one experimentsshowed no signifi-
cant influence of LF MFexposureon the intraceliularcalcium concentra-
tion. In addition, 22 experimentsshowed an increase in calcium levels,
and tenreportedasignificant reductionin the intracellularcalcium con-
centration.The overall analysisof all 24 papersindicated that the direc-
tion of this effect was positive, with a small significant increase in
intracellular calcium levels caused by LF MF exposure (SMD 0.351
[0.126, 0.576]; n = 81; s = 24) (Fig. 4b). Heterogeneity was high
(1? = 83%) and reported standardised mean differences (SMD) ranged
from - 10.39 (Bernaboetal, 2007) to 21.62 (Fitzsimmonset al., 1994).

3.3.3.Subgroup meta-analysisof study characteristics

Thestudiesofintracellularcalcium concentrationincludedsufficient
datasetsto perform muitiplesubgroupcomparisonsbased on character-
istics (TableS1) determineda p rd riAll experimentswere combinedin
subgroupsand analysed in two ways. First, we determined whetheran
effect was present and then provided an estimate of the effectsize and
direction. InFig. 5, the effectof the differentsubgroupsshowsthe effects
in one direction. The lower limits of the confidence intervals of all sub-
groups were above zero, which indicated the presence of an effect of LF
MFexposurefor everysubgroup.However,the directionand magnitude
of these effects differed between subgroups (Fig. 6). A large number of
fluorescent calcium indicators are available to investigate intracellular
calcium concentrationsand calcium mobilisation in celisin in vitrostud-
ies (Thomaset al., 2000). Intracellularcalcium concentration measured
with any of the fluorescent calcium dyes showed no significant differ-
ence compared to control samples, both during and after exposure
(dye-during; SMD 0.137 [ - 0.104, 0.378]; n = 23; s = 5; and dye-
after; SMD 0.066 [ - 0.261,0.393]; n = 28;s = 13). The isotope “°Ca-
studieson the other hand, showed a significant increase in intraceliular
calciumundertheinfluence ofLFMFexpostréa;SMD 1.018[0.342,
1.694]; n = 30; s = 6), as the confidence interval does not cross the
zero-limit that represents the control samples. Comparison of the
three techniques (dye before, dye during and “*Ca) revealed no signifi-
cant difference between the groups.

To examine whether there is evidence for a specific LF MF feature
thatexplainsdifferencesin the effect of LF MFexposurereportedby dif-
ferent groups, all LF MF exposure characteristicswere categorised. The
frequency, magnetic flux density,and duration of exposure were stud-
ied in subgroup analyses. The magnetic flux density was grouped ac-
cording to exposure limits for LF MF developed by the International
Commissionon Non-lonisingRadiationProtection (ICNIRP).Continuous
exposure of the human body is allowed magneticflux densitiesof up to
200 uT, whereas occupational exposure safety limits are higher, 1 mT
(International Commission on Non-lonizing Radiation, P, 2010). The
different magnetic flux densities demonstrated different effects of LF
MFexposure.Exposurelevelsup to 200 yT showed asignificant increase
of intracellularcalcium, while higher exposure levelsshowed a neutral
effect. Comparison of the different subgroups revealed no significant
difference among the different exposure levels (b200 uT; SMD 0.612
[0.199, 1.025]; n = 40; s = 8, 200-1000 uT; SMD 0.096 [ - 0.280,
0.472]; n = 25;s = 11, and N1000 pT; SMD 0.456 [ - 0.119, 1.032];
n=16;s = 8).

Furthermore,subgroup analysis of the different frequenciesindicat-
ed that there isarelationship between the frequency applied to thecells
and intracellularcalcium concentration.The different frequencieswere
grouped based on two theories present in literature. First, electrical
power supplies produce magnetic fields with frequencies of 50 or
60 Hz. These powerline frequencies,whichare those most often applied
in the studies included, did not indicate any effect of LF MF on calcium
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Fig. 4. Influence of LF MF exposure on the intracetlularcalcium concentration Forest plot
of the 81 studies included that describe intraceliutar calcium concentrations during or
after exposure. A) The presence of an association between LF MF exposure and
intraceliular calcium concentrations, and B) the direction of the effects. The forest plot
displays the SMD (square) and 95% confidence interval (Cl) of individual studies. The
diamondat the bottom of each graph indicatesthe overall estimateand 95%confidence
interval.

homeostasis (50/60 Hz; SMD 0.054 [ - 0.190,0.298]; n = 50;s = 19).
Another frequency that was investigated extensively during the late
1980sand early 1990sis the ion resonance frequency (IRF) for calcium
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ions. The original hypothesis by Liboff (Liboffet al., 1987) suggested that
calcium ions are activated by a specific combination of frequency and
static (DC) field. In four papers, the existence of the IRF was investigated,
and subgroup analysisshowed that this relationship might exist, as the
subgroup displayed a significant increase in intracellular calcium con-
centration (IRF; SMD 2.655[1.293,4.018];n = 12;s = 4). Amore de-
tailed investigation of the four individual studies included in this
subgroup—Coulton and Barker (1993), Lyle et al. (1997), Gaetani et al.
(2009) and Fitzsimmons et al. (1994) —showed that only the latter
two displayed a significant effect, i.e., very pronounced increase of intra-
cellular calcium induced by LF MF. Interestingly, analysis of papers in
which exposure to frequencies other than IRF or 50/60 Hz indicated a
small but significant increase of intracellular calcium, although the effect
was less pronounced than that evoked by IRFs (Other; SMD 0.205[0.014,
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1.028]; n = 19; s = 5). Only IRFsshowed a significant differencecom-
pared to the other two subgroups in the analysis.

The last characteristic of the exposure set-up is exposure dura-
tion, ranging from acouple of minutes to many days. Subgroup anal-
ysis did not show any significant differences for exposures longer
than 1 h (1-24 h; SMD - 0.752 [ - 1.577,0.073]; n = 9;s = 2 and
N24 h; SMD - 0.046 [ - 0.559,0.467]; n = 17;s = 7). Short expo-

sures up to 1 h on the other hand, indicated a significant increase
of cellular calcium (SMD 0.657 [0.374, 0.940]; n = 55;s = 16). This
increase after less than 60 min of exposure wassignificantly different
from the negative trend reported after an exposure period up to 24 h.
In summary, the magnetic flux density, the frequency applied and
the duration of exposure might all be MF characteristics that influ-
ence the outcome of the experiments.
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Fig.6.Subgroupanalysesof thedifferentstudycharacteristicsto determinethe directionof an effect of LF MF on intracellularcaicium All studies were reported with their actual effectsize
and direction,from whicha grouped effectsize and direction was calculation Every verticalbar represents the subgroupSMD and 95%confidenceinterval. The total number of individual
studiesand experimentsin everysubgroupis indicatedunderneathevery bar. Measurementsperfor med with radioactivecalcium (*°Ca), calciumdyes duringacute exposure (Dye during)
or after exposure (Dye after) on a batch of cells (Batch) or individual cells (Single), with a magnetic flux density up to 200 uT (Low), 2001000 uT (Moderate) or above 1000 uT (High).
Frequencieswere groups based on the frequency,50/60 Hz (50/60),ion resonancefrequency (IRF) and frequencies other (Cther)than500r60BoriR
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The existence of a specific cell type or cellular feature that is suscep-
tible to LF MF exposure is debated in literature (Simko and Mattsson,
2004; Pall, 2013; Gartzke and Lange, 2002). Our subgroup analysis for
the 24 papers reporting intracellular calcium concentration showed sig-
nificant differences among the different cell types. Immune celis showed
an increased intracellular calcium concentration (Immune; SMD 0.543
[0.226,0.861]; n = 28;s = 8), whereas grouping neural cells showed a
neutral effect (Neural, SMD - 0.235[ - 0.521,0.050]; n = 20;s = 7).
Bone-related cell types also indicated significant effects (Bone; SMD
1.921[0.891,2.951];n = 7;s = 2), but caution is required as this sub-
group only contained two individual studies. The remaining cell types
were grouped as “other” and did not show any effect resulting from LF
MF exposure (Other; SMD 0.071[ - 0.744,0.886];n = 18;s = 7).

3.3.4. Magneticand electricfield exposure assessment

From the papers included that reported intraceliular calcium con-
centrationsdeterminedduring or after exposure, the electricand mag-
neticfields could be calculated (Table S3). These values were plotted as
afunction of the effectsize to investigateacorrelationbetweenintracel-
lular calcium and these fields. The total magnetic fields to which the
celis are exposed to, are composed of the fields generated by the
exposure system (IMF) plus the fields generated by secondary sources
(See Supplementary Note 1 for details). A plot of the total magnetic
field value as a function of the SMD of intraceliular calcium did not
show a correlation (Fig. 7A). Furthermore, the calculated IEF values
range from O to 4.62 V/cm, as cells inside one container experience |IEF
of different strengths, depending on the distance from the centre and
the orientation of the magnetic field. We also plotted the maximum
electric fields that are generated by the IMF plus the field generated
by secondarysourcesasa function of the SMD and observed no correla-
tion (Fig. 7B). The calculated total electric field was higher in most
experiments, as the most significant possible secondary source corre-
spondsto parasiticelectricfields. These fieldsare generatedby a poten-
tial drop along the inductance of the coils of the exposure system
(Schuderer et al, 2004) and were found to be typically unaccounted
for in the literature reviewed. Since these could contribute to the total
electric field in the cultures, we also explored the possibility of the pres-
ence of parasitic electric fields. The line drawn in Fig. 7b indicates that
the effect size potentially correlates to the total electric fields, based
on the assumption of a linear relationship between the two variables,
although the correlationis very weak (R? = 0.096 + 0.037).

3.3.5. Sensitivity analysis

Asensitivityanalysisis used to assess the robustnessof the results of
a meta-analysis.Exclusionofthe studiesin which mathematicalcalcula-
tions were made to estimate the samplesize did not influence the effect
size of the overallanalysisof intracellularcalcium concentrations,an in-
dication that our estimatesare robust.

3.3.6. Publication bias

In Fig. 8, a funnel plot generated from the data in all 24 papers that
described intracellular calcium measurementsis displayed. A trim and
fill algorithm (Duval and Tweedie, 2000) was used to estimatethe num-
ber of studies missing to be four. Addition of these four missing studies
indicatesonly a small overestimation of the effect size.

4. Discussion

An accumulating number of papers that report contradicting health
effectsinduced by LF MF exposure have been published. This has led to
an even larger increase in papers published that aim to investigate pos-
sible molecular mechanismsto explain these effects. Thissystematicre-
view and the meta-analyses included, focus on the modulation of
calcium homeostasis by LF MF exposure in in vitro model systems.
These meta-analysesrevealedan associationof LF MFexposurewith in-
creased frequency of inherent oscillations of cellular calcium concentra-
tions. A positive association could also be observed for overall
intracellular calcium. However, the effect size and direction of every ef-
fectonly indicatedsignificant effectsfor experimentsmeasured with ra-
dioactive calcium, experiments that applied frequencies other than 50
or 60 Hz or with weak magnetic flux density. In addition, experiments
that involved either a short exposure, or were performed on immune
or bone or a batch of cells, showed effects after exposure. Some of
these results might be due to the inclusion of three papers that reported
extremely large effects of LF MF exposure (Fitzsimmons et al., 1994;
Bernaboetal., 2007; Liburdy et al., 1993).

Calcium oscillations represent a naturally occurring process that
plays a vital role in intracellular signalling (Berridge et al, 2003).
Theseshortcytoplasmicwavesin calciumconcentrationsareacommon
phenomenon in both excitable celis, such as cardio-myocytes and
neural celis (Wu et al., 2010; Wang and Gruenstein, 1997), as well as
in non-excitable cells, like immune, endocrine, and endothelial cells
(Song et al., 2012). Moreover, calcium oscillations regulate the activa-
tion of intracellular proteins (Smedler and Uhlen, 2014). Calcium
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Fig. 8. Funnel plot. All 81 individual studies (grey circles) that measured intraceliular
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oscillations are decoded by one or several intraceliular molecules that
sense the calcium concentrationand modulate their activity according-
ly. The different outcome measures of calcium osciilation in our study
revealed a heterogeneous effect of LF MF exposure. The percentage of
cells with oscillating calcium concentrations during or after exposure
did not change and the amplitude of oscillations remained unaffected.
The frequency of the waves on the other hand, was significantly in-
creased. Since the frequency of calcium oscillations determines which
downstream proteins are activated (Smedler and Uhlen, 2014), these
results suggest that LF MF exposure may modulate cellular behaviour.
Onlyoneoftheincludedstudiesreportedboth frequencyand amplitude
as a study outcome, with effects similar to our estimates (Wei et al.,
2014),i.e. increasedfrequencyin combinationwith reducedamplitude.
Unfortunately,downstreameffectsofaltered oscillationsafter LF MFex-
posure were not investigatedin this paper. It has been demonstratedin
the recent literature that altered cellular behaviour, regulated by the
frequency of calcium oscillations, applies only in situations where the
amplituderemainsconstant (Song et al., 2012). Since frequency,ampli-
tude,and duration of osciilationstogetherdeterminethe ultimateintra-
cellular signalling, we are only able to show the association, but are not
able to predict the potential downstream effects of LF MF exposure.

Calcium oscillations regulate protein activity and gene expression
upon stimulation (Song et al,, 2012), but in resting cells, a stable intra-
cellularcalcium concentrationis maintained.Cytoplasmiccalcium is se-
questered mainly in calcium stores, like the endoplasmic reticulum.
Moreover,sodium-calciumexchangersand/or plasma membranecalci-
um ATPases (PMCA) pump cytoplasmiccalcium back into the extracel-
lular milieu with no need for biological stimuli (Berridge et al., 2003).
Our meta-analysisshowed an effect of LF MF exposure on the intracel-
lular calcium concentration. This should be interpreted with some cau-
tion, since the directions of the reported effects differed between
studies. Only 25% of the studies reported a significant increase of calci-
um, whereas 12.5% reported decreased concentrations. Moreover, the
overalleffectsize found was quitesmall. Thissuggeststhat either theef-
fect of LF MF depends on experimentalconditions, or that uncontrolled
confoundingvariablesinfluence the outcomesof the studies (McCreary
etal, 2002; Portelliet al, 2013; Butleret al,, 2013).

Subgroup analysis of the three different methods of analysis for in-
traceliular calcium showed that only the experiments performed with

radioactive calcium indicate a positive association. Measurementsper-
formed with a fluorescentdye, during or after exposure,showed a neu-
tral effect.Based on the “°Ca-measurements,we couid speculatethat LF
MF exposure influencesthe calcium homeostasisby modulatingthe cal-
cium uptake or efflux. In accordance with the presentresults,it hasbeen
reported that LF MF exposure induces an increase in inositol 1,4,5-tri-
phosphate (IP3) levels (Korzhsleptsovaet al., 1995), an increase in pro-
tein kinase C (PKC) activity, or modified activity of voltage-gated
channels (Pali, 2013; Piacentiniet al., 2008). All these processes could
lead to an altered calcium homeostasis. However, the effects might be
compensated by calcium efflux or uptake in intracellular stores, a hy-
pothesisthatissupportedby the calcium-dyesubgroup,in which intra-
celiular calcium was measuredafterexposure. The cells in thesestudies
maintained or restored the intracellularcalcium balance after an initial
increase, regardlessof continuous exposure. Though, if the influx or ef-
flux of calcium changed during LF MF exposure, thisimpliesthata tran-
sient difference in the intraceliular calcium concentration would be
measured,just beforethecellsreadjusttheirinternalbalance.Neverthe-
less, meta-analysisof the papersin which the calcium-dye method was
used to measure calcium concentration during exposure did not sub-
stantiatethis hypothesis. Thiscontradictiondoes not strengthenthe as-
sociationfound in our study and pointsto conflicting outcomesinduced
by uncontrolledtechnical parameters,such astemperature (Butleretal,,
2013) or backgroundfields (Portelliet al,, 2013).

The study characteristicsof the papers reporting intracellular calci-
um concentrationsenabled us to investigate the potential presence of
specific LF MFexposurefeaturesthat may be related to the biologicalef-
fects of exposure. Therefore, subgroup analyses were performed based
on frequency, magnetic flux density, or exposure duration. The exis-
tence of a frequency window, which modulatescellular signalling, has
been debated (Niu et al,, 2003; Pilla et al., 1999). However regression
plots of all studies did not reveal a specific frequency window (data
not shown). The calcium IRF has been hypothesised to move calcium
ionsinacell,and our meta-analysisshowedsignificant increaseofintra-
cellularcalcium. Thissubgroup differedsignificantly from the othertwo
clustered frequencies. A more detailed investigation of the four individ-
ual studies included in the IRF-subgroup revealed that the results are
not univocal. Only a few experiments reported a pronounced increase
of intracellular calcium by LF MF exposure, whereas neutral effects
were reported from other experiments. Power line frequencies of 50
or 60 Hz were reportedin 50 of the 81 includedstudies, and no signifi-
cant calcium modulation by LF MF was noted. Interestingly, the use of
frequencies other than IRF or 50 or 60 Hz also indicated LF MF-
induced increases in intracellular calcium, with frequencies ranging
from 16 to 120 Hz. These results indicate that the universal exposure
frequenciesof 50 and 60 Hz in our daily lives might not impact possible
health effects. Rather, an association with other less common frequen-
cies could exist. Moreovercells might adapt to constantenvironmental
exposure. This second notion is supported by Goodman et al. (1992)
and Lin et al. (1996), both of whom showed that chronic exposure of
cellular systems could lead to adaptation without the occurrence of
any effects in vitro. We assessed a similar effect for the exposure dura-
tion. Our meta-analysisindicated a significant increase in intracelluiar
calcium concentrations when cells were exposed for no longer than
60 min. Increasing the exposure duration from 1 hupto24 hledtoa
not significant trend of lower intraceliular calcium levels. Based on
this subgroup meta-analysis, we could hypothesise that the biological
effect of LF MF dependson the duration of exposure. An initial increase
in intracellular calcium by influx or reduced efflux is followedby a peri-
od to re-establish the homeostasisafter 1 hour. Eventually the cells re-
turn to a state of balanced calcium levelsand are no longer affected by
any exposure.

Biological effects that depend on the strength of the magnetic flux
density have been advocated, each with their own threshold
(Blackman et al., 1993, Zhang et al,, 2006). We found an indication for
increases in intracellularcalcium levelsin response to LF MF exposure.

EPA-HQ-2018-0008760045143



704 L A Golbachet al. / Environmentinternational32-93 (2016) 695-706

These were related only to magnetic flux densities of up to 200 yT. An
association with low level fields could potentially be interpreted as a
health risk in normal daily life. However, this specific subgroup
contained one study published by Fitzsimmons et al. (1994) with ex-
tremely high effects at 40 nT LF MFs, while the other studies showed
consistenteffects with neutral or only minor differences. A flux density
of 40 nT is very low, but still too high to represent average daily expo-
sure(vanTongerenetzd04,;Bolteet’d 5. However,such mag-
nitudes could in fact be easily obscured by artefacts introduced by
unaccounted secondary sources (see SupplementaryFig. S2). For these
reasons, this subgroup meta-analysis should be interpreted with cau-
tion, because the associations might be related to only one included
study that influences our estimates. In summary, there are indications
that low level fields with a specific frequency and short duration influ-
ence calcium homeostasisof celis in an in vitro model system. However
these results are not unequivocal.A considerable proportion of studies
also contradict the association, indicating that the evidence of associa-
tion is weak.

SelectivelLF MFsensitivity of differentcell types hasbeen postulated.
The central nervoussystem for instance, might be particularly vulnera-
ble since neural function is highly charge-dependent (Pail, 2013; de
Grootetal, 2014). Immune cells on the other hand, produce free radi-
cals, the generation of which has been proposed to be sensitive to
low-levels of magnetic fields (Simké and Mattsson, 2004). Furthermore,
bone cells not only use calcium as an intracellular second messenger,
but also convert calcium ions into a solid extracellular matrix during
cartilageand bone production (Meghji, 1992). With our subgroupanal-
ysis, we found significant evidence for a cell-type related effect. The in-
tracellularcalcium concentrationof immuneand bone-relatedcelis was
increased during or after LF MF exposure. Additionally, neural celis
showed a neutral effect with possible decrease in intracellularcalcium.
Thesecontradictorytrendsindicate that a possibleeffect of LF MF expo-
sure might indeed be related to the type of celis. Thiscould explain why
prominenteffectsin muitiple otherceli types were found, even though
the direction and effect size are not significant. We grouped cells with
different phenotypes together, but muitiple biological targets of LF MF
might exist, that give rise to differentinteractions with an overall neu-
tral effect. If LF MF interact with different biological targets, an overall
comparisonofall in vitrostudiescould be lessreliable. These resuitsem-
phasise the importance of investigating different celis types without
generalising them in in vitro and in vivo experiments regarding the
mechanism of LF MF exposure.

Finally, we examinedif the measured effect sizescould be related to
the magneticand electric fields in culture. To be able to back-calculate
these fields for most of these studies, assumptions should be made to
allow reconstruction of the experimentalconditions from the informa-
tion provided in the papers. Errors in the reporting of the physical pa-
rameters were commonplace, such as diameter reported as radius, or
uT instead of mT. Some of these discrepancieswere detectableand con-
ciliation was possible, sometimes with the insertion of uncertainty;
others were incomplete beyond reasonable estimation and could not
beincludedin thisstudy. Thishighlightsthe importanceofthoroughde-
scriptionof theexperimentalsetup in reporting.Furthermore,we calcu-
lated the maximum fields that cells could experience inside cell culture
incubatorsor undera microscope.in the case of exposuresunder micro-
scopes, it is generallyassumed that the [EF is around zero under homo-
geneous magnetic fields, as the imaging area is in the middle of the
magnetic vortex. However, modelling of inhomogeneity in the IMF in-
duced by the presence of microscope partsin close proximity to the cul-
ture volume has been shown to introduce significant variations to the
maximum [EF (around 37%), spatial gradients of the IMF (N200%), and
dislocation of the vortex (Chatterjee et al., 2001). The ranges provided
for the magnitude and direction of electric fields in this study corre-
spond to the best-informed estimate possible, however real valuesare
case specific and may differ significantly within the ranges provided
or calculated. Ideally, the total electric field in the culture volume

must be measureddirectly,as it comprisesthe summationof all sources
of electric fields and magnetic fields in proximity with the culture
container.

Although exposures were catalogued and compared for the maxi-
mum possible fields in the culture space, the strength of electric and
magnetic fields depend on the location of the cells within the culture
container and the orientation of the magnetic field. For parallel IMF,
most of the adhered cells on the culture plane are exposed to homoge-
neousfields (Bassenet al., 1992). However,when the imposed homoge-
neous magnetic field is perpendicular to the culture plane, the IEF
vortex will be located at the centre of the culture surface and its magni-
tude will grow linearly as a function of the radius (Liburdy, 1892). As a
consequence, about 50% of the celis are exposed to electric fields that
range from 0% to 70% of the maximum [EF on the container (Bassen
et al,, 1992). Besides this variability in exposure, significant uncertainty
is generated with cells in suspension, as these are free to move within
different exposure levels. Consequently, the power of this assessment
is limited, assufficientcountermeasuresfor such heterogeneityin expo-
sure were not employed in most experimental designs.

We did not observe a correlation for the IMF or maximum [EF, but
found a weak association with the total IEF. Since the total IEFs took
into account the maximum levels of parasitic electric fields possible,
and IEFsalone did not indicate a relation, we hypothesise that parasitic
fields and other unaccounted parametersof the exposure systems may
havesignificantly influenced the experimentaloutcomes. These param-
etersneed to be controliedin futureexperimentsto ensure that conclu-
sionsare based on repeatable LF MF exposures.

Publication biases are an unavoidable part of a systematic review
and meta-analysis, but the large number of neutral effects included in
our analysesalready indicated that this type of bias is less pronounced
in LF MF research. Neutral data published on LF MF exposuresare valu-
ableandcould reducesocietalconcern regardingthe potentialhealth ef-
fects of LF MF (Siegrist and Cvetkovich, 2001). The funnel plot of our
largest data set (Fig. 8) indicates that four papers might be missing
from our intracellular calcium analysis, confirming that this type of
bias did not strongly affect our overall analysis. However, in our analy-
sis, we did not correlate our findings with the impact factor of the
journals: neutral data might be more likely published in low-impact
journals, whereas results of significant differences are more likely to
be published in higher-impact journals, which would qualify as a type
of publication bias. However, funnel plot in Fig. 8 indicates that our
meta-analysis outcomes are not influenced by the absence of a small
number of papers.

Performinga meta-analysisofin vitrostudiescould lead to heteroge-
neity, due to the numerousdifferentceli types, assays,and culture con-
ditionsexploredin in vitro model systems.Our meta-analysisshowed a
high heterogeneity (12 N 75%), which might not only be caused by the
variety of cell types and cell originsstudied but also by variation in ex-
posure characteristicssuch as frequency,magneticflux density,and ex-
posure duration. However, grouping similar papers did not reduce
heterogeneity. This is a limitation that necessitates careful interpreta-
tion of every meta-analysis. One of the few systematic reviews that
also combined experiments performed with in vitro cell cultures and
LF MF exposure presented a similar heterogeneity; 1> N 88% (Adams
et al., 2014). After heterogeneity, a substantial risk of bias was intro-
duced by a lack of blinding, temperature control, or cell viability mea-
surements. There is no gold standard for in vitro experiments, but
these factors could confound the outcome (Butler et al, 2013;
Blackman et al,, 1991). Information concerning the use of an identical
exposuresystem forsham treatmentwas lacking,and backgroundfields
during exposure were poorly described (Portelliet al,, 2013). Owing to
the lack of these crucial componentsin designand reporting quality, re-
sultsshould always be interpreted with caution.

For future research regarding the effects of LF MF exposure, it isim-
portant to confirm the positive association with intracellular cellular
measurementsperformed with radioactive calcium. Our meta-analysis
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indicated a positive association, however exacting replication of the
4%Ca experimentswould confirm and strengthen the associationorem-
phasise the presence of outlier studiesin literature that conceal the true
effect. Our subgroup analysesalso indicateda possibleinteractionrelat-
ed to the use of uncommon frequencies, with low magnetic flux densi-
ties, for short exposure periods. A combination of all these features
presents a good experimental design for future research. Technical
biascan be minimised through independentcoliaborationbetween dif-
ferent research groups. Furthermore, the calcium oscillation experi-
ments revealed a mixed effect that depended on the outcome
variable; investigation of such effectsin more detail in an experimental
setup that simultaneouslymeasuresfrequency,amplitude,calciumcon-
tent,and, preferably,downstreamproteinactivationduring LF MFexpo-
sure is advised.

Appendix A. Supplementarydata

Supplementary data to this article can be found online at http://dx.
doiorg/10.1016/1.envint2016.01.014 .
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Supplementary Note 1
Imposed magnetic field (IMF) and induced electric field (IEF) exposure assessments

A thorough survey of the exposure conditions reported in the literature was performed to
extract all information of relevance regarding the electric and magnetic field exposure
parameters in the culture space. Only publications that provided enough explicit or implicit
information about their exposure conditions were included in this study.

Signal type: The maximum dB/dt presented by each specific signal was utilised for the
calculation of the maximum induced electric field in the culture space. For all continuous
signals, the maximum dB/dt was extracted from the dominant harmonic in the signal. In the
case of intermittent signals, the maximum dB/dt resulting from the modulation of the
continuous signal was extracted. Intermittent signals that produced modulations with
frequency components smaller than the frequency components of the carrier signal (“soft
switching”) were treated as contin uous signals. In the case of sinusoidal signals explicitly
generated by a dedicated function generator or “synthesi  sed”, the contribution of higher
harmonics other than the fundamental frequency was deemed irrelevant. Signals were
considered “generic power signals” in cases w here versions of the local power distribution
system (step-down transformer, etc.) or where information about its higher harmonics was not
provided. The definition o f “generic power signals” utilis ed in this study corresponds to the
maximum accepted distortion for low- to medium-voltage power systems by the International
Electrotechnical Commision (IEC) [1996], which is comprised of a multiple-harmonic signal
requiring the consideration of frequency-weighed parameters for the calculation of the
maximum electric fields induced in the cell medium. For the calculations here presented, the
parameters utilised for homogeneous magnetic field exposure are given in [ 70]. In the cases
where the generation of such sinusoidal fields was not expli citly specified, both “synthesised”
and “generic power signal” categories were assumed. Studies in which non-sinusoidal signals
were utilised were included only when the maximum dB/dt of the signal utilised was
specified.

Signal magnitude: The applied magnetic field magnitude reported in the publications
reviewed is here and throughout the text reported as “peak” magnitude, that is, one-half of the
“peak-to-peak” difference in the waveform. In the cases where the magnitude of the reported
signals was not explicitly specified, both root-m ean-square (RMS) and “peak” value s were
assumed.

Signal spatial distribution: The homogeneity of the imposed magnetic field (IMF) is highly
dependent on the geometric configuration of and details regarding the exposure system. Some
of the publications reviewed provided information about the homogeneity of the IMF over the
culture volume assessed with direct measurements. However, most of the magnetic field
sensors utilised were comparable in size to the exposure coil systems or to the culture
containers. Furthermore, measurement resolution on the exposed area was lacking in many
studies, which raises questions about the ability of such measurements to detect possible
gradients generated either by the coil systems or by extra metallic features of the exposure
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systems (microscope plates, objectives, etc.) [ 86, 91]. For this reason, a measure of the
deviation of the reported IMF magnitude was obtained for each exposure configuration in the
reviewed literature (usually based on calculations, measurements or estimations at the centre
of the exposure system or culture container) and is reported as multipliers (max and min) for
the worst-case inhomogeneity on each exposure system.

The homogeneity of the IMF was calculated for each exposure system and its associated
culture container over the volume of interest taking into consideration their mutual relative
positions. For commonly used configurations, i.e., round and square single and Helmholtz
coils, the results for these calculations are tabulated [ 92]. However, for other configurations
based in round coils (off-centre plane coils and solenoids, finite solenoids, multiple coil
systems) routines were built in MATLAB R2007a software (Mathworks, Natick, MA) and
validated with the on-axes solutions as these require off-axis calculations involve elliptical
integrals [ 93]. The maximum variation of the magnetic field magnitude over the plane of
greater area perpendicular to the imposed magnetic field referenced to the value at the centre
of the culture container was extracted and 1s reported as a multiplier  in Table S3 (available
upon request). The calculation was performed for the designated culture space described for
each experiment. In the cases were this space was not explicitly described, estimations were
made based on the dimensions and specificities of the exposure systems and their associated
culture containers. For arrangements of discrete coils and solenoids, homogeneity was
assessed inside a coaxial cylinder centred on the exposure location with radius equal to the
larger dimension between the radius of the culture container collective volume escribed
sphere and 60% of the coil radius (default), and a height equal to the larger dimension
between the culture containers collective wet volume and 10% of the coil radius (default). For
the known configurations of Helmholtz, Merritt, and Maxwell coils, etc., homogeneity was
assessed inside a concentric sphere centred on the culture container collective volume with
radius equal to the larger dimension between the radius of the culture container collective
volume escribed sphere and 60% of the greatest coil radius (default). Default values were
assumed in cases where the culture container collective volume was not explicitly specified.
Default culture container sizes were also assigned in cases where the culture container sizes
were not explicitly specified. The effect of microscope-induced spatial inhomogeneity was
considered by multiplying the IMF signal magnitude of such exposure systems by a factor of
2.33 to account for possible asymmetric distortions attributable to commonly utilised parts
like springs, screws, studs with nickel-chrome based coatings and iron internal components of
microscope objectives and other components. Distortions observed could be several
millimetres away from the focal plane and detectable only partially by direct measurements,
as the gradients generated are often too sharp for conventionally-sized measurement
equipment [ 91]. All publications report (or imply) the generation of linearly polarised
imposed magnetic field.

Perpendicular plane maximum radius: The radius representing every culture container
corresponds to the radius of the maximum inscribed circle on the plane of greatest area
perpendicular to the imposed magnetic field on the culture volume. Taking the surface of the
culture liquid as the reference, the plane of greatest area could then be limited entirely by the
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container in the case of “perpendicular (F)” orientations ,e.g., a Petri dish exposed to
magnetic fields applied perpendicular to the plane of the culture, or by the container and the
liquid surface in the case of “parallel (I)” orientations , e.g., a Petri dish exposed to magnetic
fields applied parallel to the plane of the culture. For the cases in which the height of the
liquid was not explicitly described for conventional culture containers, the height was taken
from the maximum standard culture liquid volume to surface area (0.5 ml/cm ?) that allows the
minimum gaseous diffusion of oxygen required by most cells [ 94]; for cells under coverslips,
the height was set to 0.1 mm from the standard height of the counting chamber of a Neubauer
hemocytometer [94]. The radius corresponding to the area observed under 20%, 40 %, and 100,
objectives was also utilised for IEF calculation in the case of cultures for which biological
effects were recorded while exposed under the microscope for magnetic fields applied
perpendicular to the culture/observation plane (in the case of parallel orientations, the radius
would correspond to the height of the liquid instead).

Induced electric field calculation : Upper boundaries for the induced electric fields were
obtained from a simplified form of the Maxwell-Faraday equation, in which the magnitude
and direction homogeneity of the IMF over the culture volume 1s assumed. Maximum and
minimum induced electric fields were calculated based on an assumption of the most extreme
combination of exposure parameters for this expression. In the case of exposures under a
microscope, calculations were also made based on the largest radius of the field of view of the
specific objective utilised.

Extra electric and magnetic field artefacts : The magnitude of the contribution to the total
induced electric field on the culture space was assessed for secondary electric and magnetic
field sources. Artefacts other than the distortion imposed by metallic hardware close to the
culture space that may have a significant influence in the resultant fields were also
considered:

a) Artificially-generated time-varying background magnetic fields: The total IMF to
which the culture space is exposed 1s composed of the field generated by the exposure
system plus that of generated by secondary sources (electrically heated microscope
stages, laboratory equipment, adjacent power distribution lines, Incubation systems,
etc.). Magnitudes for the secondary sources were obtained from the reviewed literature
when available. In the case this information was not available, 240uT was used instead
as an upper boundary according to previously surveyed data on biological incubators
[75].

b) Parasitic electric fields: The total electric field in the culture space is composed of
the IEF by the IMF and also of parasitic electric fields. The latter are generated in the
surrounding space by the potential drop along the inductance of the coils of the
exposure system [ 70], the contribution of which to the total electric field in culture
could be relevant depending on the specific special distribution and magnitude.
Magnitudes for the parasitic electric fields were obtained from the reviewed literature
when available. For cases where these values were not provided, an estimation was
made by dividing the potential drop reported by the diameter of the coil system
escribed sphere when the feed point of the coil system was not explicitly described . In
cases where the potential drop was not provided, it was calculated via Ohms law. For
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this, the coil inductive reactance and resistance were utilised to calculate the total
impedance, which was then multiplied by the current injected into the coil system. In
cases were the wire material was not specified, Cu (¢ =5.96 x 1077 S/m) was assumed.
In cases where the wire diameter was not specified and could not be deduced from
other provided parameters, it was assumed that 28 AWG, 0.32 mm diameter was used.
Coil inductances were calculated according to [ARRL] [ 95] for the cases where direct
measurements were not provided, and single-layer coil configurations were assumed
for the cases in which the coil’s system geometry was not sufficiently described. In
cases where the height of the coil was not specified, 0.5 c¢m/100 turns of wire was
assumed. In cases where the injected current was not specified, it was calculated
depending on the mechanical specifications of each coil system [96] and the maximum
IMF generated by the system obtained as described previously in this section. Finally,
an estimate of the upper boundary for the parasitic electric field inside the medium ( &
= 80) on the culture containers was calculated on the basis of the maximum possible
parasitic electric field obtained. A shielding factor of 300 was applied in cases where
shielding was used, but measurements of residual fields were not provided [70].

EPA-HQ-2018-0008760045150



Table S1. Summary of published studies considered in the meta-analysis; Origin (O): EV = ex vivo, CL = cell line; reported magnetic flux density (MFD); exposure moment
(E): D = during data measurements, P = pre-exposure; Control group (Con): Own = dependent measurement with a cell being its own control situation, Two = two
independent groups for control/sham and MF; assay type (A): Co = calcium oscillations, Ic = intracellular; Batch/Single (B): S = single cell measurement, B = batch or group
of cells measurement; Stimulation (Stim): Yes = stimuli applied to provoke calcium influx

Outcome
Reference Cell description 0 Cell Type Fre MFD Duration E Con Chemicals A unit B Stim

Mattsson, B Jurkat E6-1, CL  Immune 50Hz 0.15mT  7min D Own Dye-Fura2 Co Events S No
2001 source 2

Wey, A Jurkat E6-1 CL  Immune 50 Hz 0.15mT 4 min D Dye-Fura2 Co % oftotal S No

Wey, C Jurkat E6-1 CL  Immune 50 Hz 0.15mT 4 min D Two Dye-Fura2 Co % oftotal S No

Cohti, B PBMCs EV  Immune 3 Hz 6mT 72 h P Two 45Ca Ic CMP 'B Yes,
1985a PHA

Jurkat E6.1 Immune Dye-Fura2 Events

(Wildtype)

/jurk'a/t J/.C/aMl//repBQ Dye-Furaz

NG108-15 "L Neural ‘ ‘ 100 sec ~ Oown Dye-Indol

Liburdy, B Rat thymic EV  Immune 60 Hz 22 mT 60 min D Two 45Ca Ic CMP B Yes,
1992 lymphocytes ConA

9.
Craviso, A Chromaffin cells EV Neuro- 60 Hz
2003 endocrine

15 min D Two 45Ca Ic CMP B No

EPA-HQ-2018-0008760045151



Fitzsimmons, 1994 A TE-85 CL Bone 15.3 Hz 60 uT 30 min D Two 45Ca Ic CMP B No

Fitzsimmons, 1994 C Sa0S-2 ALP low CL Bone 15.3 Hz 60 uT 30 min D Two 45Ca Ic CMP B No
IRF

Fitzsimmons, Sa0S-2 ALP low

Fitzsimmons, Sa0S-2 ALP high

Fitzsimmons,

‘Muscle Amplitude

Fixler, 2012 " Cardio-myocytes Muscle Dye-Indo1 ‘Amplitude

Sakurai, 2005 B HIT-T15 cL 60 Hz  5mT P Two Dye-Fluo3  Ic Ratio F/FO B No

Oh, 2001” - HEL299 and Jurkat CL Epithelial 55-60 1imT 24 h P Two Dye-Indo1l Ic RFU B No
Immune Hz

Bernabo, 2007 A Spermatozoa EV ~ Reproductive 50 Hz 1mT 2h P Two Dye-Fluo3 Ic nM B No

Bernabo, 2007 Spermatozoa Reproductive 50 Hz

Bernabo, 2007 E Spermatozoa EV ~ Reproductive 50 Hz 1mT 4 h P Two 45Ca Ic CMP B No
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Morabito, 2010a B PC-12, Differentiated CL Neuro- 50 Hz 1.0mT 30 min D Two Dye-Fluo4 % of total S No
endocrine

Morabito, 2010a D PC-12, Differentiated CL Neuro- 50 Hz 1.0mT 30 min D Two Dye-Fluo4 Co % of total S No
endocrine

Morabito, 2010a F PC-12, Differentiated CL Neuro- 50 Hz 1.0mT 7d P Two Dye-Fluo4 Ic
endocrine

PC-12, Differentiated

Neuro- 50Hz  1.0mT 7d P Two Dye-Fluo4
endocrine

Morabito, 2010a

Garcia-Sancho, Rat Thymocytes ‘ 25, 100,

1994’

Human leukemia
9

Garcia-Sancho,
1994°

Garcia-Sancho, at spleen BV 11.6, 20 T
1994" Lymphocytes 13.6,

Lee, 2002 - CHO CL Ovary 55 - 60 Hz 1T 80 d P Two Dye-Indo1 nM No

te ‘ ‘ ; ' ,,
Lisi, 2006 A AtT20 D16V cells CL Neuro- 50 Hz 2mT 6 min D Two Dye-Indol Ic nM S No
endocrine
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Piacentini, 2007 A Neural stem/ EV  Neural/stem 50 Hz 1mT 3d P Two Dye-Fluo3 Co Frequency S No
i ell

: Neﬂra sténﬂ/ V / N‘yeUralh/s em : r ] Two Dyé- uo3

Loséﬁhiyhg"er,h 1999

2560 sec

Loschinger, 1999 Epithelial

Yamaguchl, 2002 MC3T3—E1 Dye-Furaﬂz

P  Two Dye-Fura2 Ic RFU B Yes,
Melittin
Lo i

Hwang, 2011" - RBL 2H3 CL Immune 60 Hz 0.1 mT

o b
= s

n.

Craviso, 2002

~ Chromaffin cells

Lindstrém, 1995° Jurkat Immune Dye-Fura2 Events

Lyle 1997 B Jurkat CL  Immune 60 Hz 0.15mT 20 min D Two Dye-Fluo3 Co % oftotal S Yes,
IRF ; aCb3
Lyle, 1997 D Jurkat CL  Immune 60 Hz 4 min D Two Dye-Fluo3 Co % oftotal S Yes,

IRF ; aCD3
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Coulton, 1993 A T-cells EV  Immune 16 Hz 47 uT 30 min b Two Dye-Quin2 Ic % increase B No
over
control

Coulton, 1993 C T-cells EV  Immune 16 Hz 41.8 pT 21 min D Two Dye-Quin2 Ic % increase B No
IRF over

%o increase B No
over
control

D Two ijé—Qumz Ic

Coulton, 1993 E T-cells EV  Immune 16 Hz  36.6 uT

Yo inCrease
over
control

119.7 T

oulton, 1993

Coulton, 1993 I T-cells EV  Immune 50 Hz  103.3 uT 45 min D Two Dye-Quin2 Ic % increase

Morabito, 2010b A C2C12, Myoblast CL  Muscle " S0Hz  0.1mT D Two Dye-Fluo4  Co % oftotal S No

Morablto,? 20105 C2C12, Myotube Muscle Dye-FIu04 % of total

Pilger, 2004 Fibroblast v 50 Hz Dye-Fura2

Pilger, 2004 Fibroblast Dye-Fura2

Pilger, 2004 Fibroblast Epithelial Dye-Fura2
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Walleczek, 1990 B  Thymocytes EV Immune 60 Hz 22 mT 60 min D Two 45Ca Ic CMP B No

Galvanovskis, 1996 A Jurkat E6.1 CL  Immune 50 Hz 100 uT 6 min D Own Dye-Indo1l Co Frequency S No

Mcéreéry, 2(506 Ih'm;aune

Imn"{une D”yé-Indol

152)'S

Jurkat E6.1 (TIB- Immune Dye-Indol

152) G2-M

McCreary, 2006

McCreary,2006 H Jurkat E6.1 (TIB- CL  Immune 60 Hz 100 uT 6 min D Two Dye-Indo1l Ic F1/FO B Yes,
152) G2-M aCD3

Luo, 2014 A Entorhinal Cortex EV Neural 50 Hz 5 /15 min P Two Dye-Fluo4 Ic RFU S No
Neurons 24 h

Luo, 2014° Entorhinal Cortex Neural 5 /15 min Dye-Fluo4 k Yes,
Neurons 24 h K*

i

de Groot, 2014 A PC12 cells (CRL- CL  Neuro- 50 Hz 1T 30 min D Two Dye-Fura2 Ic RFU S No
1721) endocrine

D Two Dye-Fura2 Ic RFU S No

de Groot, 2014 C PCi2cells (CRL-  CL Neuro- 50Hz 100 uT
1721)

de Groot, 2014 E PC12 cells (CRL- CL  Neuro- 50 Hz 1T 48 h P Two Dye-Fura2  Ic RFU S No
~1721) endocrine

PC12 cells (CRL- 100 pT ; Dye-Fura2
1721) endocrine

de érooi, 2614‘
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Liu, 2014" - A Cerebellar granule EV Neural 50 Hz 1mT 60 min P Two Dye-Fura2 Ic Normalised S Yes,
cells K+

Wu, 2014 A Amnionic epithelial CL  Epithelial 50 Hz 0.4mT 30 min P Two Dye-Fluo3 Ic RFU B No
cells

Wei, 2014 Cardiomyocytes M'uséylye Dye—Fu ra2

Wei, 2014 ~ Cardiomyocytes Dye-Fura2

Wei, 2014 ‘ Cardiomyocytes Musé:le Dye-Fura2 Co Amplitude B

Cardiomyocytes Muscle Dye-Fura2

Amplltude

Cardiomyocytes Dye-Fura2 Frequency

Wel, 2014 L Cardiomyocytes EV Muscle 100 Hz 2mT 3 min D Own Dyé—Furaz Co Frequency B No

Lyle, 1991

0 Hz 20 pT

Lyfe, 199i bleen Iymphocy es/h Vv Ikmmune

Two a Ic No

" Data incomplete, excluded from meta-analysis. * Categorised MF duration: min. ° Categorised MF duration: days. ¢ Not independent measurements, included only in
subgroup analyses and excluded from overall meta-analysis.
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Table S2. Assessment of bias risk per included study

Risk description Mattsson Wey 2000 Conti Lindstrém Tonini Liburdy 1992 Craviso Fitzsimmons
2001 [44] [45] 1985a 1998 {46] 2001 [32] [24] 2003 [47] 1994 [48]
[12]

unclear unclear unclear

unclear unclear unclear unclear

industry sponsoring involved? © No Né No No No No No Yes

* Dummy/sham is with the use of an unenergised coil or cancelling sham exposure

® Yes = If the temperature is defined with a SD or SE range. Partly = only the mean temperature value. No = no value

 Yes = Background fields reported. Partly = Only 50/60 Hz or static field value reported. No = Background MFs not reported

4 Were the methods used to measure calcium homeostasis the same for the exposure and control sample. Partly = When an independent measurement was performed, when the
sham exposure period was measured before exposure, in the same cell or batch of cells. Yes = When control/sham and exposure were two separate groups

¢ Was industry sponsoring involved: Yes = increased risk of bias.
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Fixler Sakurai Gaetani Oh 2001 Conti Bernabo Morabito Garcia-Sancho

2012 [49] 2005([30] 2009 [50] [39] 1985b {40] 2007 [51] 2010a [52] 1994 [33]

P
Duration of exposure clear?

Yes Yes Yes Yes Yes Yes

Magnetic flux dehs&ty clearly described? /Yes Yes ' Yes Yes Partly Yes Yes Yes

Temperature controlled during exposure?

Background MF reported? Partly : No Partly Partly Partly Yes

Static ba{ckground mag;metié value krNegiigiEle

Randomise data measurements? unclear unclear unclear unclear unclear unclear unclear unclear

Myéﬂ;ods”used tﬁe same in Both grbups? Yes' Yesb Yes Yes/ Yes Yés Yes Yes

Industry Sponsoring involved?
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Lee Liburdy Lisi Kim Piacentini  Loschinger = Yamaguchi Hwang Craviso
2002 [34] 1993{53] 2006[28] 2013[54] 2008 {55] 1999 [56] 2002 [57] 2011 {35] 2002 [58]

Duration of exposure clear? Yes Yes Yes Yes k Yes Yes Yes Yes Yes

Randomise data measurements? unclear unclear unclear unclear unclear unclear unclear unclear Yes

Yes Yes

Methods used the same in both groups? Yes Yes Yes Yes Yes Yes Yes

Industry Sponsbrmg involved? No N"o Yes No No No Yes Yes Nd
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Lindstrom Lyle Nishimura  Coulton Morabito Pilger Walleczek Grande  Galvanovskis
1995 [36] 1997 ([59] 1999 [37] 1993[60] 2010b[61] 2004 [29] 1990{27] 1991][38] 1996 {26]

Duration of exposure clear? Partly

Maghetlc flux density clearly deséribed? k Yes Ye,s Yes Yes #Yes Yes Yes Yes Yes

5
5-8.2uT

42.3 uT

unclear unclear unclear unclear unclear unclear unclear unclear

Industry Sponsbring involved? No Nd Yes Nd No Nd No Yes No
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McCreary McCreary Luo de Groot Liu Wu Wei Lyle
2006 [10] 2002 [62] 2014 [41] 2014 [63] 2014 [31] 2014 [65] 2014 [64] 1991 [66]

P
Duration of exposure clear?

Yes Yes Yes Yes Yes Yes Yes
Magnetic flux density clearw described? Yes Yes Yes Yes Yes Yes Yes Yes

Temperatufe controlled duri/yng/ Partly Yes Yes No Yes Pa rt!y Yes Pal;tlmy
exposure?

Ba;ckground MF Féporte(;l?

Static background magnetic value 0£0.5 uT 78.1£0.3 uT - - - - - 16.5:0.5 uT

Randomise data measurements? Yes unclear unclear unclear unclear unclear unclear unclear

Methods used the same in both groups? Yes Yes Yes Yes Yes Yes Yes Yes

Industry Sponsbrmg involved? No No No No No No No No
Table 52

Table S3. Applied magnetic field and induced electric field
Excel file available upon request
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Odds ratio (95% Cl)
0 2 4 6 8 10

4, Lindstrom, 1998, A

4, Lindstrom, 1998, B
4, Lindstrom, 1998, C

4, Lindstrom, 1998, D
29, Loschinger, 1999, A
32, Cravio, 2002, A

32, Craviso, 2002, B

32, Craviso, 2002, C

32, Craviso, 2002, D

32, Craviso, 2002, E

Figure S1. Occurrence of calcium oscillations during MF or control treatment. Number of events expressed as odds ratio and 95%
confidence interval.
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Electric field estimation in the culture space
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Figure S2: Estimation of electric and magnetic field exposure parameters . Bars denote the range over which the actual exposure values can be found for all portions of
the culture space considered based on the reported exposure system and culture container characteristics. A complete description of the assumptions, estimations, and
calculations performed is found in Supplementary Note 1 . Note how artefacts have the potential to dominate the desired exposure parameters for many cases. IMF: Imposed

magnetic field; TV-BMF: Artificially generated time-varying background magnetic field (50 and 60 Hz only).
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